Introduction
Compared to extensive investigations spanning decades regarding transition metal carbene complexes, related studies in the actinide series remain relatively rare [1] [2] [3] [4] [5] [6] . After Gilje's seminal report of the tris(cyclopentadienyl) uranium-carbene complex, [U(η 5 -Cp) 3 (CHPMe 2 Ph)] (I, Figure   1 ) [7] , and some related reactivity studies [8] [9] [10] [11] [12] [13] [14] [15] [16] , the area fell into abeyance for over 25 years. The field was revived in the late 2000s, principally through studies on uranium and thorium with the application of pincer carbenes with two phosphanyl-substituents and some mono-phosphanyl variants with amide co-ligands [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . It is notable, however, that all uranium-and thoriumcarbenes prepared on macroscopic scales reported to date exhibit at least one or, more usually, two phosphanyl-substituents. For both uranium and thorium the only examples of 'true' or 'pure' alkylidene species, that is where the carbene α-substituents are hydrogen or alkyl groups, remain restricted to cryogenic matrix isolation studies, where compounds are prepared on microscopic scales, or are proposed as reaction intermediates [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . In order to progress the area away from phosphanyl-substituted carbenes towards 'true' alkylidenes, we became interested in probing the coordination and organometallic chemistry of N-heterocyclic olefins (NHOs) of the general form H 2 C=C(NRCH) 2 [49] . The methylene groups of NHOs are known to be basic and nucleophilic, and so might be expected to coordinate to electron deficient metals such as thorium. In that scenario, a number of electronic structure formulations can be used to depict the methylene-metal and methylene-imidazole (Im) interactions, and thus such a derivative could be formally regarded to possess some alkylidene character [50] where the alkylidene is Fourier transform infrared spectra were recorded as Nujol mulls in KBr discs using a Shimadzu IRAffinity-1S spectrometer. Elemental analyses were performed by Mrs Anne Davies and Mr
Martin Jennings at The University of Manchester, U.K.
Synthesis of [Th(η 5 -Cp′′) 3 (Me)] (3)
A Schlenk flask was charged with 1 (0.75 g. 0.87 mmol) and 2 (0.10 g, 0.87 mmol). The mixture was dissolved in 20 ml toluene. The reaction mixture was refluxed at 130 °C for 18 hours, during which time the blue colour changed to green-brown, and following cooling was concentrated to 2 ml. 
X-ray crystallography
Selected bond lengths and angles for 3 are compiled in Table 1 and crystal data are compiled in Table 2 . A crystal of 3 was examined using an Agilent Supernova diffractometer, equipped with CCD area detector and mirror-monochromated Mo Kα radiation (λ = 0.71073 Å). Cell parameters were refined from the observed positions of all strong reflections in each data set. A Gaussian grid face-indexed was applied [66] . The structure was solved by direct methods using SHELXS [67] and the dataset was refined by full-matrix least-squares on all unique F 2 values, with anisotropic 6 displacement parameters for all non-hydrogen atoms, and with constrained riding hydrogen geometries; U iso (H) was set at 1.2 (1.5 for methyl groups) times U eq of the parent atom. The largest features in final difference syntheses were close to heavy atoms and were of no chemical significance. CrysAlisPro [68] was used for control and integration, and SHELX [67] and OLEX2 [69] were employed for structure solution and refinement. ORTEP-3 [70] and POV-Ray [71] were employed for molecular graphics. CCDC 1560927 contains the supplementary crystal data for this article. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Results and discussion

Synthesis and spectroscopic characterisation of [Th(η 5 -Cp′′) 3 (Me)] (3)
Scheme 1. Synthesis of 3 from 1 and 2. Conditions: toluene, reflux.
Stirring a mixture of 1 and 2 in toluene results in retention of the characteristic blue colour of 1 and no reaction seemingly occurs over a 24 hour stir. We therefore refluxed a solution of 1 and 2 in toluene for 18 hours, and during that time the blue solution changed to a green-brown colour.
Following cooling, colourless crystals of 3, isolated in 28% yield, grew at room temperature, Scheme 29 Si NMR spectrum at −8.3 ppm. Being void of useful IR spectroscopic handles, the IR spectrum is not particularly informative. These data, together with the elemental analyses are consistent with the proposed formulation of 3, though we note the carbon analyses of 3 are consistently low, which is a common feature with organosilyl-rich complexes due to incomplete combustion and SiC formation [65] . The formation of 3 implies concomitant formation of MeImCH 2 CH 2 ImMe, which is discussed below.
Structural Characterisation of [Th(η 5 -Cp′′) 3 (Me)] (3)
In order to confirm the formulation of 3 we determined its structure by single crystal X-ray diffraction and the resulting solid state molecular structure is illustrated in Figure 3 , with selected bond lengths and angles compiled in Table 1 . The salient feature of 3 is the presence of three cyclopentadienyl rings, each η 5 -coordinated, and the methyl group which resides in the pocket that is formed from the 'picket-fence' arrangement of the silyl-groups above and below the thorium ion.
The thorium centre in 3 is situated 0.2750(11) Å out of the plane defined by the three Cp′′ centroids, which is similar to that seen previously for [Th(η 5 -Cp′′) 3 (Cl)] (deviation = 0.451(2) Å) [72] ; this is closer to a trigonal pyramidal rather than a distorted tetrahedral geometry. In accord with the spectroscopic characterisation data, refining the methyl group as a hydroxide or fluoride led to substantially worse models with unrealistic displacement parameters. 0.868, -0.639
Proposed Mechanism of Formation of [Th(η 5 -Cp′′) 3 (Me)] (3) and MeImCH 2 CH 2 ImMe
Scheme 2. Proposed possible mechanisms for the formation of 3 from the reaction of 1 with 2.
The reaction that produces 3 raises the question as to a likely mechanism that accounts for provision of a methyl group at thorium and the oxidation of thorium(III) in 1 to thorium(IV) in 3. Three credible routes can be proposed, Scheme 2, each of which would be consistent with the fact that no obvious reaction was observed between 1 and 2 at room temperature. In route a), thermolysis could assist in opening up the coordination sphere of 1 to allow 2 to coordinate. This would poise the coordinated alkene unit to be subjected to a one electron reduction from the highly reducing thorium(III). It follows that this could ultimately lead to attack at thorium by the N-methyl to result in the formation of 3. In the closely related mechanism b), coordination of the NHO to thorium would bring the N-methyl group into close proximity of the reducing thorium(III) ion, with two one-electron transfers forming a new Th-Me bond. In both cases concomitant electron transfer would produce a MeIm-radical. Alternatively, given the apparent need for thermal activation, it could be that path c) operates where the reducing thorium(III) centre could directly activate the N-methyl bond, again resulting in formation of the MeIm-radical, but in this scenario pre-coordination of the NHO to thorium is not required. In all three scenarios the MeIm-radical would be anticipated to couple of produce MeImCH 2 CH 2 ImMe.
In order to probe the reaction mechanism further we mixed 1 and 2 together in D 8 -toluene and assayed the mixture by periodically recording and examining its 1 H NMR spectrum. After mixing, the blue colour of 1 is retained, however the resulting NMR spectrum suggests that 2 is coordinated to 1 to give II; the methyl resonance of the NHO is shifted slightly from 2.5 ppm, in the free form, 
Conclusions
To conclude, we have reported on the reactivity of an N-heterocyclic olefin with a tris(cyclopentadienyl) thorium(III) complex at elevated temperature. The result is N-methyl cleavage to give a tris(cyclopentadienyl) thorium(IV)-methyl complex along with an organic product that, on the basis of spectroscopic characterisation, we suggest is MeImCH 2 CH 2 ImMe. This work highlights the highly reactive nature of redox-active thorium(III), and also alludes to the challenges of constructing alkylidene-like functionality at large and electropositive ions such as thorium.
